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In many cytochrome c oxidases glutamic acid 242 is required for proton transfer to the binuclear heme a3/CuB site, and for proton pumping.
When present, the side chain of Glu-242 is orientated “down” towards the proton-transferring D-pathway in all available crystal structures. A
nonpolar cavity “above” Glu-242 is empty in these structures. Yet, proton transfer from Glu-242 to the binuclear site, and for proton-pumping, is
well established, and the cavity has been proposed to at least transiently contain water molecules that would mediate proton transfer. Such proton
transfer has been proposed to require isomerisation of the Glu-242 side chain into an “up” position pointing towards the cavity. Here, we have
explored the molecular dynamics of the protonated Glu-242 side chain. We find that the “up” position is preferred energetically when the cavity
contains four water molecules, but the “down” position is favoured with less water. We conclude that the cavity might be deficient in water in the
crystal structures, possibly reflecting the “resting” state of the enzyme, and that the “up/down” equilibrium of Glu-242 may be coupled to the
presence of active-site water molecules produced by O2 reduction.
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water molecules within the membrane domain of the protein
[1–4]. Some of these appear crucial for proton transfer in the
so-called D-pathway that leads from Asp-91# near the negatively
charged N-side of the membrane to a conserved glutamic acid
(Glu-242) in the middle of the membrane domain (Fig. 1). Glu-
242 has been shown to be essential for proton transfer from the
D-pathway both to the binuclear centre for production of water
from reduced O2, and for proton pumping across the membrane
[5,6]. However, the distance from Glu-242 to the O2 reduction
site is some 10 Å and encompasses a narrow nonpolar cavity
with no obvious proton-transferring capacity. Although not
seen in the crystal structures, calculations have suggested that☆ Numbering of amino acids is based on the structure of subunit I of
cytochrome c oxidase from bovine heart mitochondria.
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doi:10.1016/j.bbabio.2007.06.010this cavity may contain several water molecules [7–11], which
may be crucial for proton transfer further on from Glu-242.
The side chain of Glu-242 is positioned “down” towards the
D-pathway in all crystal structures, and Iwata et al. [12]
originally suggested that it may have to move to effect proton
transfer. Riistama et al. [7] and Hofacker and Schulten [8] pointed
out that the Glu-242 side chain is indeed likely to undergo
isomerisation in order to carry protons from the D-pathway fur-
ther to the binuclear centre, and to transfer protons to be pumped
across the membrane, and this has been supported experimentally
[7]. Pomès et al. [13] estimated from molecular dynamics (MD)
free energy calculations that the activation barriers for side chain
isomerisation are low (=4 kcal/mol). However,MD simulations at
room temperature have to date failed to show isomerisation
dynamics of the protonated Glu-242 side chain. Work by Cukier
[14] analysed Glu-242 by a combined quantum-mechanical and
MD treatment, which supported a high pKa for this residue, but
did not include extensive MD simulations of the protonated
residue. Here, we have explored the dynamics of the protonated
Fig. 1. The glutamic acid 242 in the “down” and “up” positions. Four water molecules modeled in the nonpolar cavity above the residue are shown. The figure was
made with the aid of the programme VMD [29].
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demonstrating that “up/down” isomerisation can occur rapidly
(on a nanosecond time scale) at ambient temperature.
The system studied contained subunits I and II of cytochrome
c oxidase from bovine heart (PDB code 1v54;1). In addition,
zero to four water molecules were added at arbitrary positions
within the nonpolar cavity near the binuclear centre (cf. [15], and
an OH-ligand of CuB and a water ligand of heme a3 were added
as well. The side chain of Glu-242 is in the “down” position in
the X-ray crystallographic structure, and in some calculations it
was rotated into an “up” position towards the cavity (Fig. 1),
which corresponds to a∼180° turn around the bond between Cß
and Cγ. In all cases Glu-242 was protonated (proton at OE2).
The CHARMM27 force field [16] was used for simulation of the
protein and the TIP3P solvent model [17] represented the water
molecules. The parameters for CuA, heme a, heme a3 and CuB,
which are not part of the standard CHARMM force field, were
obtained from density functional calculations (M.P. Johansson
et al., submitted). The initial structures were routinely relaxed by
1000–2000 steps of conjugate gradient energy minimisation
prior to each simulation, during which the metal centres had
defined redox states. Unless otherwise mentioned, the reported
simulations have CuA, heme a3 and CuB in the oxidised state,
and heme a in the reduced state. The MD simulations were
performed at 310 K in vacuum, allowing all atoms to move.
Since we only followed processes deep inside the protein, themembrane bilayer and water solvent were omitted. The tem-
perature was controlled by Langevin dynamics, and the time step
was 1 fs. The energy minimisation and molecular dynamics
simulations (typically for 1–2 ns) were performed using the
programme NAMD2 [18].
Fig. 2 shows a simulation trajectory for a system in which the
side-chain of Glu-242was initially in the down position, as in the
X-ray structures, and four water molecules were present in the
cavity. After about 340 ps, the side chain flipped upwards
towards the binuclear centre and the water chain, and at about
400 ps this position was stabilised. Subsequently, only small
rearrangements of the OE1 oxygen position of Glu-242 relative
to the two protons of the nearest water molecule were observed.
A maximum likelihood analysis of six simulations of 0.5–2 ns
duration performed at equivalent conditions yielded a mean “flip
up” time of∼0.7 ns (±∼0.3 ns) of the side chain. In all cases, the
“up” position remained stable once formed. In contrast, without
water molecules in the cavity, the side chain of Glu-242 failed to
flip up in simulations up to 2 ns. Remaining essentially in the
crystallographic down position, Glu-242 interacts much of the
time with the sulphur atom of Met-71 as found in the crystal
structures. This observation is in agreement with results of
Olkhova et al. [10], who did not find such isomerisation within
1.125 ns. However, when prolonging the simulation time to 5 ns
in the absence of water in the cavity, we observed a flip-up of the
side chain at ∼4.4 ns.
Fig. 2. MD simulation with four water molecules in the nonpolar cavity. The
distances between the OE1 oxygen atom of the side chain of Glu-242 and the H1
(upper panel) and H2 (lower panel) protons of the nearest water molecule in the
nonpolar cavity. After about 340 ps the side chain of Glu-242 flips rapidly into
the “up” configuration (the trace turns downwards in the figure). After 400 ps the
side chain finds a stable position and only the interacting proton of the nearest
water molecule changes, observed as interchanging distances between OE1 and
H1/H2.
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put in the up position towards the cavity.Without water molecules
in the cavity it turned halfway down towards the D-pathway in
less than 100 ps. Such a “bridging” position was reported earlier
by Pomès et al. [13], but only for the unprotonated Glu-242. ThenFig. 3. The distribution of the distance between the HE2 hydrogen of Glu-242 and t
water molecules in the nonpolar cavity. The up position has a typical value of ∼6–the side chain moved to the down position at ∼200 ps, and
remained there at least up to 2 ns. In contrast, when four water
molecules were placed in the cavity, the side chain did not flip
down within 2 ns. This result is consistent with the simulations
above where the side chain was initially in its crystallographic
position, flipped up toward the cavity filled with four water
molecules, and remained there for the rest of the simulations.
In simulations with all redox centres oxidised, the results
were essentially the same as those reported above. It seems,
therefore, that it is the presence or absence of water molecules in
the cavity above Glu-242, rather than the redox state, that
determines the lowest free energy position of the side chain
under the conditions of these simulations. We then performed
1 ns simulations with 3, 2 and 1 water molecules in the cavity.
As shown in Fig. 3, the results were similar to those obtained
from simulations where the water molecules were left out; the
bridging positions could be reached, but the “flip-up” was not
observed. Interestingly, four water molecules seems to form a
treshhold value for this phenomenon to be readily observed.
The 310 K simulations reported here show side chain iso-
merisation of Glu-242 at a frequency consistent with the reported
activation barriers [13]. Most interestingly, however, the lowest
energy position of the protonated side chain appears to depend
on the presence of water molecules in the nonpolar cavity on the
P-side of Glu-242. If the cavity is modelled empty, the side chain
prefers the “down” position, as found in the X-ray structures, and
readily moves to that position in ∼0.2 ns if originally positioned
“up” facing the cavity. In contrast, for a cavity filled with four
water molecules, this movement does not occur within 2 ns.
Conversely, when the side chain is initially in the crystallographiche OE2 atom of the D-propionate of heme a3 in 1 ns MD simulations with 0–4
7 Å, the bridging position ∼10–12 Å and the down position N12 Å.
1105A. Tuukkanen et al. / Biochimica et Biophysica Acta 1767 (2007) 1102–1106down position, it moves up towards the cavitywith amean time of
∼0.7 ns, whilst this takes much longer with fewer water
molecules and ∼4.4 ns in their absence. The free energy
difference between the up and down positions of the side chain
in the absence of water molecules may be roughly assessed from
themean rates of “flip-up” (1/4.4 ns) and “flip-down” (1/0.2 ns) of
the side chain, yielding an estimate for the equilibrium constant of
∼20 corresponding to a free energy difference of ∼2 kcal/mol
(ca. 3 kBT) favouring the down position. This is sufficient to
mainly populate the down position in the crystallographic
structures, and suggests that the cavity is either empty in these
structures or contains less than four water molecules. It seems
evident that when there are less than four water molecules in the
nonpolar cavity, the Glu-242 side chain samples this situation by
transient excursions from the “down” to the bridging position, and
moves “up” with a frequency much lower than when the cavity
contains water.
For a cavity containing four water molecules we were unable
in simulations up to 2 ns to sample a single transition from the up
to the down position, and we have therefore no basis for assessing
the energetics of the side chain isomerisation in these conditions.
Simulations considerably longer than 2 ns would be required, or
umbrella sampling in combination with the weighted histogram
analysismethod [19,20]. On the other hand, the interaction energy
between Glu-242 and its surroundings can be calculated. An
estimate of the interaction energies in the “up” position can be
obtained by analyzing the trajectory of the Glu-242 side chain,
obtained from the simulation with 4 water molecules, but by
switching off the charges and interaction energy parameters of
these water molecules. In this way, mean interaction energies
(averaged over 1 ns simulations) for Glu-242 in the up position of
−65±3 kcal/mol for an empty cavity, and −71±4 kcal/mol for a
hydrated cavity, were obtained, corresponding to a stabilisation by
∼6 kcal/mol by the water molecules. Assuming that the cavity
water molecules have an insignificant interaction with Glu-242 in
its down position, ignoring entropic contributions, and using the
ΔG of 2 kcal/mol deduced above for the up/down equilibrium
without water molecules, one can estimate the ΔG for the up/
down equilibrium in the presence of four water molecules by a
thermodynamic cycle. This analysis yields a ΔG of ∼4 kcal/mol
in favour of the up position. Even though this is only a rough
estimate, the procedure should nevertheless capture the overall
trend of the energetics of the side chain and how that is influenced
by water molecules in the nonpolar cavity.
Water is the product of catalytic O2 reduction at the binuclear
centre, and it is likely that water is ejected into the nonpolar
cavity next to this centre during activity. Schmidt et al. [21]
have shown that product water is found interacting with the Mg/
Mn centre above the heme a3 group (Fig. 1) within a few
milliseconds after turnover, later to be released from the enzyme
structure. Our previous MD simulations suggested that the
water molecules produced at the active site may move to the
Mg/Mn site from the nonpolar cavity via transient dissociation
of the ion pair between Arg-438 and the D-ring propionate of
heme a3 [22]. The water content of the nonpolar cavity is thus
expected to obey a delicate dynamic balance between water
production as the result of catalysis, and water removal. Thestate of this balance after cessation of catalytic activity is not
known, but the X-ray structures combined with the present data
suggest that the water content of the cavity may be significantly
decreased when oxidase activity stops, being higher under
steady state turnover conditions (see below).
Thewater molecules in the cavity have been suggested to be of
crucial importance for proton transfer, both to the binuclear site
and for proton translocation (see above). For example, electron
transfer from heme a to the binuclear site has been shown to
require proton transfer to that site [23], which would presumably
occur from Glu-242 via these water molecules. Consequently, for
a case where the cavity is empty, or contains less than 4 water
molecules, one would expect electron transfer to stall at heme a,
with a resulting blockade of catalysis. Interestingly, such a phe-
nomenon has a very long history with cytochrome c oxidase
research, and has been described in terms of a “resting” state of the
enzyme [24,25], where electron transfer from heme a to the
binuclear site is initially far too slow to account for steady state
activity, but where the activity eventually recovers after a few
turnovers. Reduction and reoxidation of cytochrome c oxidase
yields the “pulsed” state [24,25], where such recovery is much
faster. On the basis of the data presented here we suggest that the
“resting” state may at least in part be due to a “dry” nonpolar
cavity where the lack of a sufficient number of water molecules
prevents proton-linked electron transfer.
The dynamics of water molecules in the nonpolar cavity
might have functional consequences [26]. One interesting
comparison [27] is to the light-driven proton pump bacterio-
rhodopsin (bR), where Asp-96 transfers protons to the Schiff
base across a nonpolar cavity that only transiently contains
water [28]. It is possible, therefore, that control of the dynamics
of water molecules involved in proton transfer is a more general
feature of proton pumps that minimises back-leakage of protons
and thus to optimises the proton-pumping efficiency. Differ-
ently from bR, where water molecules diffuse into the cavity
from the outside as a result of a conformational change [28], in
cytochrome c oxidase the water molecules are produced in the
cavity as a result of the catalytic O2 reduction. Moreover, as
demonstrated here, these water molecules determine the
energetically preferred position of the protonated Glu-242
side chain. It will be important in the future to assess the
dynamics and energetics of the deprotonated Glu-242 at
ambient temperatures. Together with the results presented
here, such data may give indications of possible modulations of
the pKa value of this residue as a function of the “up” and
“down” orientations of the side chain. The dynamics of the Glu-
242 side chain isomerisation together with a fluctuation in the
number of cavity water molecules may provide means to control
the efficiency of the proton pump of cytochrome oxidase.
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